The human adrenal reticularis produces the so-called adrenal androgens, dehydroepiandrosterone (DHEA) and DHEA-sulfate (DHEA-S). As opposed to the cortisol and aldosterone little is known regarding the mechanisms that regulate the production of the adrenal androgens. Several recent studies have shown that type II 3β-hydroxysteroid dehydrogenase (HSD3B2), cytochrome b5 (CYB5), and steroid sulfotransferase (SULT2A1) play an important role in the regulation of adrenal androgen production. Specifically, adrenal production of DHEA-S is correlated with reticularis expression of SULT2A1 and CYB5. In contrast, HSD3B2 has an inverse correlation with adrenal androgen production likely due to its unique ability to remove precursors from the pathway leading to DHEA. Therefore, its expression is limited to the adrenal glomerulosa/fasciculata but not in reticularis. The differential expression of these three proteins appears to be critical for reticularis function. In this review, we focus on studies that have begun to define the mechanisms regulating the transcription of these genes. Understanding the mechanisms controlling differential expression of these proteins should provide novel information about the human adrenal reticularis and its production of DHEA and DHEA-S.
II. Background & Significance
The fetal adrenal produces large amounts of dehydroepiandrosterone (DHEA) and DHEAsulfate (DHEAS) during fetal development (Fig. 1) . DHEA-S concentrations are also high in the newborn (Fig. 1 ) [1] . However, by age 1, the specialized fetal zone is lost and replaced by the definitive adrenal cortex, which initially synthesizes little DHEA-S (Fig. 1) . Hence, DHEA-S production declines precipitously during the first months of life and remains low until adrenarche commences at about age 6-8 [2] . This rise in the circulating concentrations of DHEA and DHEA-S is the biochemical hallmark of adrenarche [3] . Importantly, the rise in DHEA-S occurs prior to the increase of either estrogens or androgens associated with puberty [4] . Circulating DHEA-S concentrations continue to rise and peak during the second decade of life, with levels being higher in males than in females ( Fig. 1) [3, 5] . While circulating concentrations of DHEA and DHEA-S rise progressively in adrenarche, cortisol and ACTH concentrations do not change significantly in this period, indicating that adrenarche is not simply a global activation of the pituitary-adrenal axis.
III. Molecular Mechanism Regulating Adrenal Androgen Biosynthesis
The synthesis of DHEA requires only two steroid-metabolizing enzymes, i.e. cholesterol sidechain cleavage enzyme (CYP11A) and 17α-hydroxylase/17,20 lyase (CYP17) plus the protein required for cholesterol transport into the mitochondria [steroidogenic acute regulatory protein (StAR)] (Fig. 2) . However, the differential expression of StAR and these two enzymes within the adrenal does not appear to be a key factor in the regulation of adrenal androgen production. This is supported by the observation that StAR, CYP17 and CYP11A are present in the adrenal fasciculata and reticularis but only the reticularis produces significant amounts of DHEA [6] . In addition, StAR, CYP11A and CYP17 are present in infant and childhood adrenals that produce little DHEA/DHEA-S until adrenarche. If alterations in StAR, CYP11A and CYP17 are not the determining factors for DHEA/DHEA-S secretion, then what other enzymes are modified that would promote adrenal androgen production but not cortisol? Biochemical studies as well as immunohisotchemistry analysis of adrenals across the period of adrenarche support a role for three proteins in directing precursor steroids into DHEA/DHEA-S. Two are the steroidogenic enzymes 3β-hydroxysteroid dehydrogenase type 2 (HSD3B2), and DHEAsulfotransferase (SULT2A1), while the other is cytochrome b5 (CYB5). Our laboratory has focused on the mechanisms regulating the expression of each of these proteins with the goal of defining the molecular mechanisms that regulate human adrenal androgen production.
1) CYB5 and the 17,20-lyase activity of CYP17
In human adrenal glands, the CYP17 enzyme is found in both the fasciculata and reticularis zones of the cortex, consistent with its role in both cortisol and DHEA synthesis (Fig. 2) . However, the CYP17 enzyme has the ability to catalyze both 17α-hydroxylase and 17,20-lyase reactions [7] [8] [9] . In the adrenal fasciculata, CYP17 accomplishes the 17α-hydroxylase reaction with diminished 17,20-lyase activity in, while it promotes both 17α-hydroxylase and 17,20-lyase activities in the adrenal reticularis. On this mechanism, CYB5 is regarded as an important regulator of CYP17 function. The CYB5 is expressed in two different isoforms generated by alternative splicing from the same mRNA. One isoform is cytoplasmic and is found primarily in reticulocytes, while the larger isozyme localizes to the endoplasmic reticulum. It is known that localization of cytochrome b5 protein was most remarkable in the zona reticularis in the human adrenal gland (Fig. 3 ) [10] . It is suggested that human CYB5 acts principally as an allosteric effector that interacts primarily with the CYP17/oxidoreductase complex to stimulate 17,20-lyase activity [11] . The reticularis-specific expression of CYB5 appears to be a key factor in promoting adrenal androgen production and recent studies have started to better define the factors regulating this gene's transcription.
The study of the CYB5 promoter in HepG2 and K562 cells by Li and his coworkers and recent work done by Miller et al. have defined a number of transcription factors that regulate CYB5 gene transcription [12, 13] . According to the Miller study, CYB5 mRNA arises from multiple transcriptional start sites 83 to 122 base pairs upstream from the ATG translational start codon [13] . To better define the potential factors that would lead to adrenal reticularis specific expression, this group identified the roles of several factors, including Sp3, GATA6, SF-1 in the regulation of CYB5 transcription [13] . Two of these factors, GATA6 and SF-1, are also associated with the regulation of another reticularis enzyme, SULT2A1. As these factors are not preferentially expressed in the adrenal reticularis additional experiments are needed to determine if there are reticularis specific regulatory mechanisms for these transcription factors or if other yet to be defined zonal factors determine CYB5 reticularis expression..
2) SULT2A1
Humans are presently known to express at least five cytosolic sulfotransferase (ST) enzymes, of which only two can use steroids as substrates. Steroid sulfaction can occur through the activity of SULT2A1, commonly known as steroid sulfotransferase or cholesterol sulfotransferase SULT2B1. SULT2A1 is predominantly expressed in the cytoplasm of adrenocortical cells in the reticularis and its substrates include pregnenolone, 17α hydroxypregnenolone, and DHEA (Fig. 2, 3 ). During fetal development each of these steroids are used as substrates resulting in high circulating levels of the corresponding sulfated products; however, in adults the predominant substrate is DHEA resulting in DHEA-S. The production of sulfonated DHEA is so high during certain periods of our lifespan that DHEA-S is quantitatively the most abundant hormone secreted by the human adrenal. While the enzymatic activity of SULT2A1 has been studied in some detail, only recently have studies focused on the regulation of human SULT2A1 expression. Herein, we discuss the role of three transcription factors, steroidogenic factor 1 (SF1 or NR5A1), GATA-6, and estrogen-related receptor α (ERRα) in the regulation of SULT2A1 transcription.
The well-known orphan nuclear receptor SF1 is a critical factor in the regulation of transcription of the genes encoding the adrenal cytochrome P450 enzymes [14, 15] . We demonstrated that specific SF1 binding cis-regulatory elements are necessary for trans-activation of SULT2A1 promoter [16] . However, two observations oppose the argument that SF1 is the key factor causing zonal expression of SULT2A1 in the adrenal reticularis. First, SF1 does not exhibit elevated expression in the zona reticularis compared to the other adrenal zones. Secondly, SF1-regulated genes, such as CYP17, are expressed in both the fasciculata and reticularis. While SULT2A1 joins the large number of steroid-metabolizing genes that can be regulated by SF1, it would appear that other factors contribute to the elevated levels seen in the zona reticularis.
The GATA family of transcription factors has been demonstrated to be robust regulators of transcription in a wide variety of tissues including the heart and gonads [17] [18] [19] [20] [21] . Recent studies also indicate that GATA-6 is highly expressed in the adult and fetal adrenal cortex [22] . We previously demonstrated that GATA-6 works in synergy with SF1 to maximally increase expression of SULT2A1 [23] . However, GATA-6 expression is not limited to the adrenal reticularis suggesting that it is also not the key to understanding zonal expression of SULT2A1.
ERRα is a member of a subfamily of orphan nuclear receptors that are structurally and functionally related to estrogen receptors. We have demonstrated that expression of ERRα in the adult adrenal and SULT2A1 promoter activity is more responsive to ERRα via three functional regulatory cis-elements sharing sequence similarity to binding sites of SF1 [24] . Its expression is elevated in the inner zones of the adrenal cortex suggesting that it may play a role in reticularis expression of SULT2A1. However, the mechanisms regulating this apparent orphan receptor is still poorly defined and further research is needed to determine if its expression correlates with increases in DHEA-S biosynthesis as seen in the fetal adrenal or at the time of adrenarche.
3) 3β-hydroxysteroid dehydrogenase type 2 (HSD3B2)
The enzyme 3β-hydroxysteroid dehydrogenase type 2 (HSD3B2) is essential for the adrenal biosynthesis of mineralocorticoids (aldosterone) and glucocorticoids (cortisol) but its expression is inversely associated with adrenal androgens (Fig. 2) . There are two isoforms of HSD3B but it is only the type II form (HSD3B2) that is expressed in the lomerulosa and fasciculate of adrenal glands (Fig. 3) . In the adrenal gland, HSD3B2 catalyzes the oxidation and isomerization of 3β-hydroxy-5-ene (Δ 5 ) steroids into 3-keto-4-ene (Δ 4 ) steroids leading directly to the production of progesterone and 17α-hydroxyprogesterone from pregnenolone and 17α-hydroxypregnenolone precursors, respectively [25] .
HSD3B2 influences the production of aldosterone, cortisol, and DHEA by competing with CYP17 for the metabolism of pregnenolone and 17α-hydroxypregnenolone. [26] . High HSD3B2 expression combined with low CYP17 activity will favor aldosterone synthesis and oppose cortisol and adrenal androgen synthesis. Conversely, low HSD3B2 expression coupled with high CYP17 activity will favor adrenal androgen production. The human adrenal produces DHEA at high levels within the fetal adrenal and in the zona reticularis of the adult adrenal. Both of these tissues express low levels of HSD3B2 mRNA and protein [6, [27] [28] [29] [30] [31] [32] . Thus, a detailed understanding of the mechanisms that regulate HSD3B2 expression would help in efforts to understand adrenal physiology.
Recent studies suggest that HSD3B2 transcription is regulated in part by the nuclear receptor hormone family NR4A. The NGFIB family, which includes NGFIB (Nur77 or NR4A1), NURR1 (Nur-related factor 1 or NR4A2), and NOR1 (neuron-derived orphan receptor 1 or NR4A3) [33, 34] , appears to play an important role in the coordinated regulation of the hypothalamic/pituitary/adrenal axis [35] [36] [37] [38] [39] . We previously demonstrated the role of the NGFIB family of orphan nuclear receptors in the regulation of HSD3B2 transcription via the consensus NGFIB-binding response element (NBRE) located at −131/-Adrenal Androgen Biosynthesis 124 [39] . Moreover, it is confirmed that within adult and fetal adrenal gland NGFIB expression paralleled expression of HSD3B2 [39] . On the other hand, the expression of NGFIB was inversely correlated with the ability of the tissues to produce DHEA [39] . This inverse correlation between adrenal androgen production and the expression of NGFIB and HSD3B2 appears to be a unifying link for the production of DHEA by the fetal adrenal and adult adrenal reticularis as postulated by Goto et al. [40] .
Fos and Jun are members of the AP-1 transcription factors. The Jun family members modify transcription by binding specific response elements as dimers or heterodimers with Fos [41] . Jun and Fos can also form dimers with other transcription factors such as members of the ATF/ CREB, C/EBP, and Maf families of proteins [41] . The proximal region of the HSD3B2 promoter contains two consensus AP-1 cis-elements, which are capable of binding fos/jun [41] . It is demonstrated that fos/jun has only a small effect on reporter activity of HSD3B2; however, the fos-jun heterodimer strongly acts in synergy with the orphan receptor SF-1 to stimulate reporter activity [41] . We find much higher levels of fos and jun expression in cortisol producing tissue compared to DHEA producing tissue (unpublished observation). These data show a correlation between HSD3B2 and fos/jun that needs further study.
Martin et al. reported that GATA-4 and GATA-6 physically interact with the nuclear receptors, steroidogenic factor 1, and liver receptor homolog 1 to synergistically activate HSD3B2 [42] . In their study, it was reported that the human HSD3B2 promoter, which contains four consensus GATA elements, constitutes an important target for GATA factors. These factors are sufficient to activate transcription from the −1073 bp HSD3B2 promoter fragment and blockade endogenous GATA expression and activity in adrenal steroidogenic cells [42] . In addition, it is shown that the proximal GATA element located at −196 bp is sufficient to confer GATA responsiveness of the HSD3B2 promoter and is required for full HSD3B2 promoter activity in adrenal steroidogenic cells [42] . However GATA6, the major GATA family member found in the post-natal adrenal does not show a zonal distribution that would correlate with HSD3B3 expression. Thus while GATA6 appears to be a potent activator of HSD3B2 transcription its role in zonal expression is unlikely.
IV. Summary & Future Direction
We have made progress in defining the differences in adrenocortical cortisol and DHEA producing cells. Of note are the critical changes in the expression of steroid-metabolizing enzymes involved in both cortisol and DHEA-S biosynthesis. We propose that three key proteins, namely cytochrome b5 (CYB5), DHEA-sulfotransferase (SULT2A1), and 3β-hydroxysteroid dehydrogenase (HSD3B2) develop a clear adrenal zone-specific pattern of expression that lead to a transition from cortisol producing cell to DHEA-S producing cell.
The molecular mechanisms regulating differential expression of these genes should provide important clues to the physiologic regulators of DHEA-S biosynthesis. Recent studies indicate clear differences in the mechanisms that regulate transcription of HSD3B2 verses CYB5 and SULT2A1. These studies support a role for transcription factors NGFI-B, GATA-6, and ERRα in the differential expression of these key genes. Based on these studies it appears that the fasciculate and reticularis zones preferentially control the expression of specific steroid metabolizing enzymes through their transcription. DHEA-S levels during human development, adrenarche and aging. This figure was modified from Rainey et al [43] . Immunohistochemistry for cytochrome b5 (CYB5), DHEA-sulfotransferase (SULT2A1) and 3β-hydroxysteroid dehydrogenase type 2 (HSD3B2) in human adrenal cortex. Both SULT2A1 and CYB5 immunoreactivities are strongly detected in the cytoplasm of adrenocortical cells in the reticularis. Immunoreactivity of SULT2A1 is weak in the fasciculata and not detected in the glomerulosa. CYB5 was similarly week in the fasciculata and glomerulosa. On the other hand, reactivity for HSD3B2 was marked in the glomerulosa and fasciculata, but negative in the reticularis. This figure was modified from Rainey et al [43] .
